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Electron tunneling spectroscopy measurements on van der Waals heterostructures consisting of
metal and graphene (or graphite) electrodes separated by atomically thin hexagonal boron nitride
tunnel barriers are reported. The tunneling conductance dI/dV at low voltages is relatively weak,
with a strong enhancement reproducibly observed to occur at around |V | ∼ 50 mV. While the weak
tunneling at low energies is attributed to the absence of substantial overlap, in momentum space,
of the metal and graphene Fermi surfaces, the enhancement at higher energies signals the onset
of inelastic processes in which phonons in the heterostructure provide the momentum necessary to
link the Fermi surfaces. Pronounced peaks in the second derivative of the tunnel current, d2I/dV 2,
are observed at voltages where known phonon modes in the tunnel junction have a high density of
states. In addition, features in the tunneling conductance attributed to single electron charging of
nanometer-scale defects in the boron nitride are also observed in these devices. The small electronic
density of states of graphene allows the charging spectra of these defect states to be electrostatically
tuned, leading to Coulomb diamonds in the tunneling conductance.
Keywords: Tunneling; graphene, hexagonal boron nitride (hBN); hBN defects; Coulomb blockade; phonon-
assisted tunneling, IETS
INTRODUCTION
Tunneling spectroscopy has proved to be an excellent
tool for studying low-dimensional electronic systems [1].
In addition to revealing features pertaining to the den-
sity of states (DOS) of the junction electrodes [2], tun-
neling can probe the geometry of the electrode Fermi
surfaces [3, 4], electron-electron interactions both within
and between the electrodes [5], phonon energy scales [6],
defects within the tunnel barrier [7], etc. While scanning
tunneling microscopy (STM) is extensively used as a sen-
sitive tool to detect the local DOS [8], macroscopic planar
tunnel junctions provide averaged properties over larger
length scales, often demanding reliable and reproducible
device fabrication methods. In the former, tunneling oc-
curs at the atomic tip of the STM probe, thus involving
electrons with a wide range of transverse momenta. In
contrast, smooth planar tunnel junctions offer the possi-
bility of momentum-resolved tunneling spectroscopy [2–
4, 9].
Recent advances in creating van der Waals heterostruc-
tures based on graphene and hexagonal boron nitride
(hBN) have opened new avenues to create atomically
smooth tunnel junctions [10]. hBN is an isomorph of
graphene with ≈ 2% lattice mismatch and has been the
preferred substrate material for high mobility graphene
devices [11]. Its large insulating band gap of ∼ 5.9 eV
and atomically smooth layers make hBN a good tun-
nel barrier candidate, which can potentially aid in-plane
momentum conservation. Previous studies on simple
metal-insulator-metal junctions with hBN as the insu-
lator showed a linear current-voltage (IV ) characteristic
around zero-bias [7, 12]. The observed exponential de-
pendence of the conductance on the hBN thickness estab-
lished hBN as a good crystalline tunnel barrier. However,
it was also observed that intrinsic nanometer-scale defect
states present in the hBN atomic layers act like quantum
dots and contribute to the tunneling IV characteristics
via single-electron charging events [7]. In related works
on graphene-hBN-graphene junctions, features seen in
the IV characteristic were attributed to resonant pro-
cesses conserving the in-plane momentum and chirality
of the tunneling electrons [13].
In this work we investigate tunnel junctions in which
2-5 atomic layers of hBN (thickness . 2 nm) are sand-
wiched between a graphene (or graphite) electrode and
a conventional metal counter-electrode. Several distinct
features of our results stand out. Most dramatically, in
all devices studied the tunneling conductance dI/dV ex-
hibits an abrupt and pronounced enhancement at bias
voltages in excess of roughly ±50 mV. Our measure-
ments reveal this enhancement to arise from a series of
sharp peaks in the second derivative of the tunnel cur-
rent, d2I/dV 2. The voltage locations of these peaks co-
incide with specific phonon modes in the heterostructure
and are insensitive to a voltage applied to a back gate
underlying the tunnel junction. At lower bias, below the
onset of phonon-assisted tunneling, we find that the tun-
neling conductance does respond to a back gate voltage,
with a minimum in the conductance observed when the
graphene is close to the Dirac point. Finally, sharp fea-
tures arising from Coulomb charging of intrinsic defect
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FIG. 1. (a) A general schematic of our device structure with SiO2/Si acting as the substrate and a thin hBN as the tunnel
barrier (not to scale). Gate voltage is applied to the SiO2(∼ 285 nm) dielectric layer. An ac + dc bias is applied to the top
metal tunnel electrode (Ag or Cr/Au) and the tunnel current is measured using one of the Ohmic contacts (Cr/Au) to the
bottom graphene layer. (b) Tunnel current (I) and differential conductance dI/dV as a function of source-drain bias (Vdc) for
a monolayer graphene device at zero gate voltage. The dotted vertical lines are at Vdc = −30 mV and −90 mV (c) dI/dV at
every 10 volts from Vg = +50 (bottom) to -50V (top). The curves are offset for clarity.
states in the hBN barrier layer are also sometimes ob-
served. Due to incomplete screening by the graphene
electrode, these defect signatures also respond to a back
gate voltage, and the classic “diamond pattern” associ-
ated with Coulomb blockade is seen.
EXPERIMENTAL DETAILS
The present tunnel junctions consist of a mono- or bi-
layer graphene (MLG or BLG) or graphite lower elec-
trode, a thin (≤ 5 atomic layers) hBN tunnel barrier,
and a metallic (either Cr/Au or Ag) top electrode. These
junctions are assembled on a SiO2 substrate or on a thick
hBN layer mounted on SiO2. In all cases the 285 nm thick
SiO2 layer itself lies atop a p-doped Si wafer which serves
as a back gate and provides mechanical support.
To create these van der Waals heterostructures
graphene (or graphite) and hBN flakes are first me-
chanically exfoliated onto separate Si wafers (also over-
laid with SiO2). For tunnel devices with SiO2 as
the substrate material, the mechanically exfoliated
graphene/graphite layer acts as the bottom electrode.
For tunnel devices with hBN as the substrate material,
the graphene/graphite layer is first transferred onto a
thick hBN layer atop a SiO2 substrate using the polymer
stamp dry transfer technique described in Ref.11. Next,
the thin hBN tunnel barrier is similarly transferred on
to the graphene/graphite. Finally, the metallic top tun-
nel electrode is lithographically fabricated by depositing
Cr/Au (5/120 nm) or Ag (120 nm). Lateral dimensions
of the junctions vary from ∼ 2× 2 to 6× 6 µm2.
The electrical transport properties of the graphene
layer are measured using additional Cr/Au electrodes. A
schematic of a typical device is shown in Fig.1(a). Tun-
neling current-voltage (IV ) and differential conductance
dI/dV characterictics are measured simultaneously us-
ing standard lock-in techniques (V = Vdc + Vac, with
Vac = 0.5 mV at 13 Hz). The d
2I/dV 2 measurements
were also performed simultaneously using a second lock-
in amplifier synchronized at twice the excitation fre-
quency. All the measurements were done at T = 4.2
K.
RESULTS
Figure 1(b) displays IV and dI/dV characteris-
tics from a tunnel junction consisting of a monolayer
graphene (MLG) lower electrode, a hBN tunnel barrier,
and a Cr/Au top electrode, all assembled on SiO2/Si. As
the figure makes clear, a small but finite tunneling con-
ductance is observed at Vdc = 0. Around |Vdc| ∼ 30 mV
dI/dV begins to rise rapidly before leveling off beyond
about |Vdc| ∼ 90 mV.
Applying a back gate voltage Vg to the doped Si sub-
strate tunes the free carrier density and, given the Dirac-
like spectrum of MLG, the electronic density of states in
the MLG electrode. Figure 1(c) shows that the strong
finite voltage enhancement of dI/dV is unaffected by
the back gate voltage, at least for −50 ≤ Vg ≤ +50
V. In contrast, the magnitude of the tunneling conduc-
tance around Vdc = 0 does depend on the back gate volt-
age. This is illustrated in Fig. 2(a) where the blue dots
give the average tunneling conductance 〈dI/dV 〉 over the
range |Vdc| ≤ 20 mV while the red trace shows the mea-
sured resistivity ρMLG of the graphene sheet. Although
not precisely coincident, the minimum in 〈dI/dV 〉 oc-
curs at nearly the same gate voltage as the maximum
in the graphene resistivity. Hence, consistent with ex-
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FIG. 2. (a) Average conductance around zero-bias 〈dI/dV 〉
(blue) as a function of back-gate voltage (Vg) for the MLG
device in Fig.1(b)-(c). The dashed line is a guide to the eye.
The corresponding graphene resistivity (ρMLG) vs back-gate
voltage is plotted in red. (b) A colormap of the differential
conductance dI/dV plotted in a log scale, as a function of the
back gate voltage and source-drain bias.
pectations, the tunneling conductance is minimized at
the Dirac point where the graphene density of states is
lowest and its resistivity highest. Figure 2(b) shows the
tunneling conductance dI/dV as a function of both Vg
and Vdc on a logarithmic color scale. The finite voltage
enhancement of dI/dV appears as a vertical blue-colored
band of uniform width, while the dark blue spot near
Vg = 20 V locates the graphene Dirac point.
In order to elucidate the origin of these features in the
tunneling characteristics, additional devices were fabri-
cated, with variations in the tunnel electrodes and the
underlying substrate material. Figure 3(a)-(c) show tun-
nel characteristics for three such devices consisting of (a)
a MLG-hBN-Cr/Au tunnel junction, assembled on hBN
substrate (b) BLG-hBN-Ag tunnel junction, assembled
on SiO2/Si substrate and (c) graphite-hBN-Cr/Au tun-
nel junction assembled on SiO2/Si substrate respectively.
As is evident, the abrupt strong enhancement of the tun-
neling conductance at finite voltage is observed in all the
devices measured, independent of the substrate, the type
of graphene/graphite electrode, and the metal forming
the top tunnel electrode. Similar signatures were ob-
served in 14 tunnel junctions from 8 devices.
As the data in Fig. 3 suggests, the rapid enhancement
(a)
(b)
(c)
(a)
(b)
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FIG. 3. Tunnel current (I) and differential conductance
(dI/dV ) as a function of source-drain bias (Vdc) for (a)
a MLG-hBN-Cr/Au tunnel junction on hBN substrate (b)
BLG-hBN-Ag tunnel junction on SiO2/Si substrate and (c)
graphite-hBN-Cr/Au on SiO2/Si substrate.
of the tunnel conductance at finite bias occurs in a series
of steps, better resolved in some junctions than in oth-
ers. To examine these features more closely, the second
derivative of the tunnel current, d2I/dV 2, was recorded.
Figure 4 shows typical results, with Fig. 4(a) showing the
d2I/dV 2 spectrum from a graphite-hBN-Cr/Au tunnel
junction and Fig. 4(b) the spectrum from a MLG-hBN-
Cr/Au device. As is apparent, the spectra are virtually
identical and show no gate voltage dependence (Fig.4(c)).
Four prominent peaks, labeled A, B, C, and D in the fig-
ure, are seen in each polarity. Averaged over six devices,
the voltage location of these peaks are |VA| = 36±3 mV,
|VB | = 61± 2 mV, |VC | = 74± 2 mV, and |VD| = 166± 8
mV. As discussed below, we associate these peaks with
phonon-assisted inelastic tunneling processes.
Weak tunneling features which we attribute to defects
in the hBN tunel barrier are seen in some junctions. Fig-
ure 5(a) shows the dI/dV characteristic for a BLG-hBN-
Ag tunnel junction on Si/SiO2 substrate, for various gate
voltages. While the strong, finite voltage enhancement is
a robust feature of the tunneling conductance, weak addi-
tional peaks, marked by arrows in the figure, are observed
to shift around with gate voltage. Figure 5(b) presents a
color map of the conductance as a function of Vg and Vdc
showing that these features evolve as sharp lines cross-
ing in a roughly diamond pattern. Similar signatures
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FIG. 4. (a) Derivative of conductance (d2I/dV 2) as a function
of source-drain bias (Vdc) for a graphite-hBN-Cr/Au tunnel
junction. Four phonon peaks are marked as A-D. (b) d2I/dV 2
vs. Vdc for a MLG-hBN-Cr/Au tunnel junction, averaged over
the gate voltage range 0 to -50 V. (c) The absolute value of
the d2I/dV 2 as a function of Vg and Vdc for the MLG device
in (b). The phonon peaks A-D are found to be gate voltage
independent.
were also observed in a MLG-hBN-Ag tunnel junction
on Si/SiO2 substrate as seen in Fig.5(c). The average
tunneling conductance for this junction was much larger
than for the device used for Fig. 5(b), most likely owing
to a thinner hBN barrier, but the numerous weak features
in the vicinity of Vdc = 0 again exhibit a clear diamond
pattern. Interestingly, while the gate voltage dependent
features are seen as peaks in dI/dV in Fig.5(a) and (b),
they appear as dips in Fig.5(c).
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FIG. 5. (a) Conductance plots at various gate voltages for a
BLG-hBN-Ag tunnel junction. The curves are offset for clar-
ity. The arrows elucidate additional gate voltage-dependent
features. Color map of conductance plotted as a function of
gate voltage and source-drain bias for (b) the BLG device in
(a) and (c) a MLG-hBN-Ag tunnel junction.
DISCUSSION
We begin the discussion of these tunneling results with
an idealized and oversimplified model. If in-plane mo-
mentum is perfectly conserved, then the tunneling con-
ductance at zero bias will vanish unless the Fermi surfaces
(FS) of the two electrodes overlap in momentum space.
In graphene, the FS consists of tiny circles located at the
K and K ′ points of the hexagonal Brillouin zone. These
points lie 1.70 × 1010 m−1 away from the zone center.
In contrast, for an idealized free electron metal the FS
5is a sphere at the zone center. For silver, the radius of
this sphere is kF,Ag ≈ 1.2 × 1010 m−1. Hence, in this
approximation, there is no overlap between the graphene
and silver Fermi surfaces and thus the zero bias tunneling
conductance vanishes (at low temperature).
Zero bias tunneling
As Fig. 3 clearly shows, our tunnel junctions do in
fact exhibit a non-zero, if small, tunneling conductance
at zero bias. The fact that in our MLG-hBN-Cr/Au junc-
tions the average low bias conductance depends on the
linear density of states of the graphene electrode demon-
strates that this conductance is dominated by tunneling,
not some parasitic conducting channel between the elec-
trodes. Although we do not know for certain from where
this low bias tunneling conductance originates, there are
a variety of possibilities. For example, the Fermi sur-
faces of the metal and graphene/graphite electrodes may
in fact overlap. While this seems unlikely in the case
where the metal electrode is Ag, the Cr/Au case is less
clear. For those junctions, the 5 nm Cr layer underlying
the Au is most relevant. The FS of Cr is highly complex
and very far from a free electron sphere [14]. Although
the large electron pocket at the Cr zone center does not
overlap with the K and K ′ points of graphene, the hole
pockets around the vertices of the Cr Brillouin zone can.
The degree of this overlap is hard to assess, given the
polycrystalline nature of the Cr layer (See supplemen-
tary materials for a discussion on the fermi surfaces of
Cr, Ag and graphene). Another speculative possibility
is that intervalley scattering within the graphene may
relax momentum conservation in the tunneling process
sufficiently to overcome the lack of overlap between the
graphene and metal Fermi surfaces. Relatively rapid in-
tervalley scattering rates have been recently reported in
weak localization experiments on graphene [15].
Phonon-assisted tunneling
At finite bias, tunneling via various inelastic processes
can occur [16]. In particular, phonons can provide the
momentum needed to overcome the FS mismatch and
allow tunneling to proceed. The phonon spectra of
graphene, graphite, and hBN are all quite similar due
to their closely matched crystal structures [17–19]. The
energies of the various acoustic and optical phonons in
these materials are all in the range below about 200 meV
and are thus obvious candidates for explaining the vari-
ous peaks in d2I/dV 2 shown in Fig. 4. Moreover, since
the electronic momentum component perpendicular to
the tunneling plane is not conserved, there is consider-
able phase space for in-plane phonons to link the three-
dimensional FS of the metal with the two-dimensional
FS of the graphene.
A quantitative analysis of the kinematics of phonon-
assisted tunneling requires a detailed knowledge of the
electrode Fermi surfaces. While the FS of graphene (and
graphite) are well approximated as tiny circles at the
corners of their Brillouin zones, the FS of the metal elec-
trodes is not so simple. This is particularly true for Cr
whose Fermi surface is very complex [14]. For this reason,
we confine our analysis to a search for those energies at
which the phonon density of states is particularly large.
The phonon dispersion in hBN shows a flat band, and
thus a high phonon density of states, along a line con-
necting the M and K points in the Brillouin zone at
∼ 40 meV [18]; this is close to peak A shown in the
d2I/dV 2 spectra shown in Fig. 4. Similarly, multiple flat
bands/crossings are present in the phonon dispersions of
both hBN and graphene in the energy range ∼ 60 − 75
meV [17, 18] where we observe the two strongest peaks, B
and C, in d2I/dV 2. Around 150− 170 meV, where peak
D resides, both materials again possess a large phonon
density of states. A more detailed discussion of phonon-
assisted tunneling in our devices can be found in the sup-
plementary material.
Defect-assisted tunneling
Although the hBN layers used in van der Waals het-
erostructures are often assumed to be pristine defect-
free single crystals, this is not always the case. Recent
tunneling experiments on metal-hBN-metal (M-hBN-M)
junctions revealed that is some cases the IV curve ex-
hibits a staircase-like pattern, very reminiscent of the
Coulomb staircase observed in tunneling through a quan-
tum dot [7]. This analogy suggests that tunneling in
M-hBN-M junctions can proceed via a two-step process
involving tunneling from one metal electrode to a de-
fect in the hBN and then from the defect to the other
metal electrode. From the voltage scale of the steps in
the IV curve the size of the defect was estimated to be in
the few nanometer range, similar to that found in STM
experiments which directly imaged defects in thin hBN
layers [20]. In such M-hBN-M devices, the metal elec-
trodes very effectively screen out external gate electric
fields. As a result, the classic diamond pattern was not
observed.
In graphene-hBN-metal tunnel junctions the graphene
lower electrode has such a low density of states that it
cannot entirely screen an electric field produced by the
underlying doped Si gate. This imperfect screening, of-
ten referred to as a “quantum capacitance” effect, has
been widely observed, both in graphene [21] and semi-
conductor heterostructures [22]. In the present experi-
ments, that portion of the gate electric field which pene-
trates through the graphene layer electrostatically shifts
the energy of charged defects in the hBN layer and allows
6the diamond pattern to be observed.
We speculate that the dips in Fig.5(c) might reflect
Fano resonances [23]. Interference of a resonant state
with a continuum (non-resonant background) leads to
Fano line shapes in various nanostructures. When the
coupling to the leads is strong and the nonresonant con-
tribution to the conductance is of the same order as
the resonant component, the line shapes of the con-
ductance as a function of Vg become unusual. When
the nonresonant contribution dominates, symmetric dips
are obtained in conductance vs Vg, in place of standard
Coulomb oscillation peaks. In Fig.5(c), the background
nonresonant component dominates as is evident from the
large conductance (∼µS). In Fig5.(a) and (b), the non-
resonant component is much lower (∼ nS) and we obtain
Coulomb peaks and the usual diamond pattern.
CONCLUSION
In summary, tunneling spectroscopy measurements on
metal-hBN-graphene (or graphite) junctions reveal clear
signatures of both phonon-assisted and defect-assisted
tunneling processes. Phonon-assisted tunneling is par-
ticularly prominent in these devices owing to the small,
and in some cases vanishing, overlap between the Fermi
surfaces of the metal and the graphene (or graphite) elec-
trodes. This lack of overlap sharply limits the phase
space for direct, momentum conserving, electron tunnel-
ing. Four prominent peaks in the second derivative of
tunneling current, d2I/dV 2, are associated with known
phonons in the van der Waals heterostructure. In addi-
tion, disorder, including point-like defects, in the hBN
barrier layer enable tunneling events which do not con-
serve in-plane momentum. In some devices, weak peaks
in the tunneling conductance were found to present a dia-
mond pattern when examined as a function of back gate
voltage. This confirms our prior conclusion that these
peaks reflect single electron charging of nm-scale defects
in the hBN layer.
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SUPPLEMENTARY MATERIAL
Signatures of phonon and defect-assisted tunneling in planar metal-hexagonal boron
nitride-graphene junctions
U. Chandni,1, ∗ K. Watanabe,2 T. Taniguchi,2 and J. P. Eisenstein1
1Institute for Quantum Information and Matter,
Department of Physics, California Institute of Technology,
1200 E. California Blvd., Pasadena, California 91125, USA
2National Institute for Materials Science, 1-1 Namiki Tsukuba, Ibaraki 305-0044, Japan
S1. Role of metal Fermi surfaces in momentum conserved tunneling
In-plane momentum is treated as a conserved quantity in the tunneling processes described in the main text. Here
we discuss the silver and chromium Fermi surfaces (FS) and their contributions to the tunnel current. For simple
metals, the FS can be treated as a sphere, which works reasonably well for the polycrystalline Ag tunnel electrodes.
Fig.S1a shows a top view of the Brillouin zone (BZ) of graphene, where the tiny red circles at the corner K and
K ′-points indicate the FS for a nominal density of 5 x 1012cm−2. The Γ−K distance for graphene is 1.70×1010 m−1.
The FS of Ag is shown as a sphere centered at the Γ-point ( kF,Ag ≈ 1.2 × 1010 m−1) [1]. At low temperatures, the
electrons that contribute to the tunnel current lie close to the Fermi surfaces of the metal and the graphene. Under
normal circumstances, we observe that the Fermi surfaces have no overlap in momentum and hence elastic tunneling
from the metal to the graphene layer is prohibited. Hence, only phonons or defect states in the heterostructure can
contribute to inelastic tunneling processes, which are discussed in the following section.
Γ K
M
K’
H
Γ H
H
H
N N
NN
Fig S 1 – (a) Top-view of the heterostructure elements as seen in the momentum space. The circles at the K/K ′
points are the Fermi surfaces of graphene for a density of n = 5 x 1012cm−2. The nearly spherical metal Fermi
surface is centered at the Γ− point. (b) Chromium Fermi surface cross section in the (100) plane [2]. The green
square is the first BZ. The electron and hole octahedra are denoted by blue and red lines respectively. The black
dashed line shows the graphene BZ and the tiny black dots indicate the graphene FS at the K and K ′-points. In
this orientation a K and a K ′ point overlap the Cr FS.
ar
X
iv
:1
61
0.
03
18
9v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
11
 O
ct 
20
16
2In contrast, the FS of chromium is far from a simple sphere. The BZ of chromium is a dodecahedron and the
FS has multiple electron and hole pockets within it [2]. Fig. S1b shows a schematic of the FS of chromium [2]. At
the zone center, there exists a non-spherical electron pocket shown in blue. Hole pockets (red lines) are seen at the
face-centers (N−points) and corner points (H−points). The polycrystallinity of the top-Cr tunnel electrode results
in an uncertainity in the orientation of this FS with respect to the graphene BZ (dotted black lines). Assuming for
simplicity that the (100) surface is normal to the graphene BZ, we observe that the BZ of Cr is a square (green)
superimposed on the hexagonal graphene BZ as seen in Fig.S1b. Clearly, portions of the Cr FS do fall outside the
graphene BZ. The in-plane orientation of the two Fermi surfaces depends on the orientations of the Cr crystallites.
This presents a complicated phase space for momentum-conserved tunneling as the overlap of the two Fermi surfaces
is governed by the relative orientations between the Cr crystallites and the graphene layer.
S2. Phonon-assisted tunneling
We now discuss the phonon-assisted tunneling phenomena assuming a spherical metal FS for simplicity. The
electrons on the boundary of the spherical metal FS and the graphene FS contribute to tunneling. In Fig. S2,
we schematically depict some of the possible phonon contributions to tunneling considering ‘in-plane’ momentum
conservation. An electron from the north or south pole of the metal Fermi surface (blue disks) can use its out-of-plane
momentum (blue dotted line) which is not conserved and a K-point phonon mode (blue solid line) to tunnel on to
the graphene FS. In addition an M -phonon mode (yellow solid line) may also contribute to the tunnel current since
it can be shifted across the Brillouin zone to the K or K ′-point (green line). If there exists an electron in the Fermi
surface that has the right z−momentum (green dashed line), this transition can be aided. This suggests that several
phonons can contribute to tunneling by supplying appropriate z-momenta to the elecrons on the surface of the metal
FS.
Fig S 2 – Side-view of the Fermi surfaces of graphene and metal showing two possible phonon modes that contribute
to tunneling.
Both graphene(/graphite) and h-BN have very similar phonon characteristics due to their closely matched crystal
structure [3–5]. Although the number of atoms in a unit cell is two for graphene and four for graphite (or hBN),
many modes are doubly degenerate in graphite (or hBN) and hence the phonon dispersions are nearly identical with
three optical (TO, LO or ZO) and three acoustic (TA, LA and ZA) branches. The phonons with the maximum
3density of states (with a flat band or a crossing in the phonon dispersion curve) will show the maximum contribution.
Interestingly, the above picture suggests that a relative orientation between the graphene and hBN layers will be
inconsequential to the observed phonon modes as long as there are enough electrons in the Fermi surface that have
corresponding z-momenta. The first peak in d2I/dV 2 at A =36 meV can be attributed to the flat band in hBN in
the M − K direction arising from the ZA mode [4]. We observe that the contributions to the two strongest peaks
(at B = 61 meV and C = 74 meV respectively) come mainly from the ZA and ZO modes of the graphene and hBN
[3, 4]. This is in agreement with previous observations that the coupling of the out of plane modes to the graphene
wavefunctions aid tunneling significantly [6]. More specifically, hBN has a flat band around ∼ 75 meV in the M −K
direction arising from its ZO mode [4]. Graphene has a flat band at the M−point arising from the ZA mode, a crossing
at the K− point arising from its ZA/ZO modes at ∼ 65 meV and a ZA/ZO/TA band crossing at the M−point at ∼
80 meV [3]. Around the range ∼ 150 − 170 meV, both hBN and graphene have many flat bands and crossings from
LO and TO modes, which possibly lead to the broad peak that we observe at D =166 meV.
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